2+ transport across the epithelium involves a transcellular, Na + -and Na + /K + -ATPase dependent pathway. In our search for the Mg 2+ extrusion mechanism of the basolateral compartment of the enterocyte, we could exclude Na + /Mg 2+ antiport or ATP-driven transport. Evidence is provided, however, that Mg 2+ movement across the membrane is coupled to anion transport. In basolateral plasma membrane vesicles, an inwardly directed Cl − gradient stimulated Mg 2+ uptake (as followed with the radionuclide 27 Mg) twofold. As Cl − -stimulated uptake was inhibited by the detergent saponin and by the ionophore A23187, Mg 2+ may be accumulated intravesicularly above chemical equilibrium. Valinomycin did not affect uptake, suggesting that electroneutral symport activity occurred. The involvement of anion coupled transport was further indicated by the inhibition of Mg 2+ uptake by the stilbene derivative, 4,4Ј-diisothiocyanato-stilbene-2,2Ј-disulfonic acid. Kinetic analyses of the Cl − -stimulated Mg 2+ uptake yielded a K m (Mg 2+ ) of 6.08 ± 1.29 mmol ⅐ l −1 and a K m (Cl − ) of 26.5 ± 6.5 mmol ⅐ l −1 , compatible with transport activity at intracellular Mg 2+ -and Cl − -levels. We propose that Mg 2+ absorption in the tilapia intestine involves an electrically neutral anion symport mechanism.
Introduction
Fresh water fish depend on magnesium absorption from the intestinal tract to meet their magnesium requirement [2, 3, 17, 31, 34, 37, 40, 42, 45] . Intestinal magnesium absorption in fish may resemble mammalian physiology where both gradient-driven paracellular transport and a transcellular component are involved [30] . Under normal feeding conditions of fish, only a minor portion of the total intestinal magnesium load will be absorbed [2, 3, 28] . The efficiency of absorption may increase, however, when the intake of magnesium via the food is low. In the teleost Oreochromis mossambicus (Mozambique tilapia), for instance, the fractional magnesium absorption is drastically increased when they are fed a lowmagnesium diet [1] . Magnesium absorption in fish seems to be controlled by the magnesium requirement and the magnesium intake. A regulated cellular component must be involved then in transepithelial magnesium transport. Accordingly, a Na + -dependent transepithelial magnesium flux has been demonstrated in the intestinal epithelium of tilapia, and this seems to suggest that Na + -driven cellular magnesium transport occurs [43] . This led us to predict that a Na + /Mg 2+ antiport mechanism is involved in transepithelial Mg 2+ transport.
The intracellular ionic magnesium concentration ([Mg i
2+ ] ഛ 1 mmol ⅐ l −1 ) as well as the large transmembrane potential over the basolateral plasma membrane of enterocytes (50 to 70 mV, inside negative [19, 27] , favor passive movement of Mg 2+ into the cell, whereas Mg 2+ extrusion must be uphill. Therefore, mucosa-to-serosa transport of Mg 2+ could proceed by passive entry over the apical plasma membrane via an as yet unspecified transporter, followed by active extrusion across the basolateral plasma membrane. Active extrusion will also be required to maintain [Mg i 2+ ] . What drives Mg 2+ transport over the basolateral plasma membrane of the enterocyte is not known. The energy for extrusion could be derived from hydrolysis of high-energy compounds, or energy carried by ion gradients. Mg 2+ efflux is dependent on Na + antiport activity in a number of different cell types, and does in some cases require ATP, either for activating or for energizing transport [8, 11, 16, 47] . In erythrocytes of some species, a Cl − -dependent efflux mechanism may function in parallel to Na + antiport activity [22] [23] [24] . The involvement of Na + /Mg 2+ antiport in epithelial Mg 2+ transport remains uncertain. In mammals, Na + /Mg 2+ antiport activity was postulated for the Mg 2+ reabsorption in the ascending limb of the loop of Henle [35] , although recent indications suggest that Mg 2+ absorption in the nephron proceeds predominantly passively, driven by the transepithelial potential [6, 9] . Also, the involvement of Na + -driven Mg 2+ transport in tubular Mg 2+ secretion in the marine winter flounder has been suggested [38] . In trout, however, Na + -driven Mg 2+ transport could not be demonstrated in isolated renal brush border membrane vesicles [15] .
The present study reports on Mg 2+ transport over the basolateral plasma membrane of the intestinal epithelium of O. mossambicus. Mg 2+ transport in isolated membrane vesicles was followed, using the short-lived radionuclide 27 Mg. The presence of ATP-or ion gradient driven Mg 2+ transport was investigated. Evidence is presented for an electrically neutral anion coupled Mg 2+ transport mechanism.
Materials and Methods
Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained from laboratory stock. Freshwater adapted fish were kept in Delft tap water ([Mg   2+ ] ‫ס‬ 0.3 mmol ⅐ l −1 ). The water temperature was 26-28°C, and the photoperiod was 12 hr of light alternating with 12 hr of darkness. Fish were fed Trouvit fish pellets (Trouw, Putten, The Netherlands) at daily rations of 1.5% of the fish total weight.
MEMBRANE ISOLATION
Isolation of basolateral plasma membranes of tilapia enterocytes was carried out according to a modification of the method described by Flik et al. [14] . A fish, weighing approximately 200 g, was killed by spinal transection and the abdominal cavity was cut open. The 30 cm of the intestine, proximal to the stomach was excised and flushed with an ice-cold saline, containing 150 mmol ⅐ l −1 NaCl, 1 mmol ⅐ l −1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mmol ⅐ l −1 1,4-dithiothreitol (DTT), 100 U ⅐ ml −1 aprotinine, 0.1 mmol ⅐ l −1 (ethylenedinitrilo)tetraacetic (EDTA) set to pH 8.0 with 2-amino-2-hydroxymethyl-1,3-propanediol (Tris). The intestine was cut open lengthwise and spread on an ice-cooled glass plate; all further steps were performed at 0-4°C. The exposed mucosal side was rinsed with saline and the mucosal cells were scraped from the underlying tissue with a microscope slide. Scrapings were collected in sucrose buffer, containing 250 mmol ⅐ l −1 sucrose, 10 mmol ⅐ l −1 HEPES, 1 mmol ⅐ l −1 DTT, 100 U ⅐ ml −1 aprotinine, set to pH 7.4 with Tris, and disrupted with a dounce homogenizer equipped with a loosely fitting pestle (30 strokes). The homogenate was centrifuged for 10 min at 1,400 × g (Jouan CR3000, E4 rotor, 2700 rpm) to remove nuclei and cellular debris. The supernatant was centrifuged for 30 min at 186,000 × g (Beckman L7-55, 70.1 Ti rotor, 45,000 rpm), yielding a membrane pellet consisting of a brownish part well-fixed to the wall of the tube (containing a mitochondrial membrane fraction) and a fluffy layer on top. The fluffy part of the pellet was removed by gentle stirring, resuspended in 18 ml of sucrose buffer, and homogenized in a dounce homogenizer (80 strokes). The homogenate was brought to 1.36 mol ⅐ l −1 (39% wt/wt) sucrose by mixing with 22.5 ml 2.25 mmol ⅐ l −1 sucrose, 10 mmol ⅐ l −1 HEPES/Tris (pH 7.4). The resulting suspension was equally divided over four centrifuge tubes, overlaid with 2 ml of sucrose buffer and centrifuged isopycnically for 2 hr at 154,000 × g (Beckman L7-55, SW41 Ti rotor, 30,000 rpm). The membranes at the interface of the sucrose solutions were collected in 10 ml isotonic buffer, containing the basic ingredients of the assay medium (see the section Mg 2+ Transport in Plasma Membrane Vesicle Preparations for details on the composition of the assay medium). The membranes were pelletized by centrifugation, 30 min at 186,000 × g (Beckman L7-55, 70.1 Ti rotor, 45,000 rpm), rinsed with isotonic buffer, and resuspended by 20 passages through a 23-Gauge needle in 0.35 ml isotonic buffer. Membrane preparations contained approximately 2.5 mg ⅐ ml −1 protein and were used on the day of isolation without being frozen. Protein concentration was determined with a commercial reagent kit (Biorad), with bovine serum albumin as reference. ENZYME ASSAYS Na + /K + -ATPase activity was assayed as a marker enzyme for basolateral plasma membranes [33] . Enzyme activity was assayed after treatment with detergent, 0.2 mg ⅐ ml −1 saponin (10 min at 25°C), at a protein concentration of 1 mg ⅐ ml −1 , to unmask enzyme activity that was latent due to membrane resealing. The basolateral plasma membrane preparation was 8.7 ± 1.5 (n ‫ס‬ 6) fold enriched in Na [14] . The purification factor for the enzyme sucrase was 0.56 ± 0.10 (n ‫ס‬ 6), indicating that the preparation was not enriched in apical plasma membranes [4] .
Membrane orientation was determined as described previously [14] . The percentage inside-out oriented vesicles (IOV) was determined on the basis of acetylcholine esterase activity, using 0.2 mg ⅐ ml −1 saponin (10 min at 25°C) to unmask latent enzyme activity. Determination of the percentage rightside-out oriented vesicles (ROV) was based on the specific trypsin sensitivity of the cytosol-oriented part of the Na + /K + -ATPase. Trypsin (T-8003; Sigma, St. Louis, MO) was used at 4500 units per mg membrane protein, for 30 min at 25°C. After quenching of trypsin activity with 25 mg ⅐ ml −1 soybean trypsin inhibitor (T-9003; Sigma, St. Louis, MO), trypsin-insensitive Na + /K + / ATPase activity (representing the ROV fraction) was unmasked by treatment with saponin. In controls, trypsin inhibitor was added before the addition of trypsin to assess total Na + /K + -ATPase activity. The membrane configuration was 15 ± 5% IOV, 30 ± 8% ROV and 55 ± 7% leaky membrane fragments (n ‫ס‬ 6). The presence of inside-out oriented basolateral plasma membrane vesicles was further demonstrated by the assay of ATP-and Na + -dependent Ca 2+ -uptake.
PRODUCTION OF 27 Mg
MgO, isotopically enriched in 26 Mg to 97.1% (Medgenics Group, Ratingen, Germany), was dissolved in diluted ''Suprapur'' acetic acid (Merck, Darmstadt, Germany), resulting in a 50 mmol ⅐ l ) and saponin (0.02%, w/v) were added to membrane preparations kept on ice, 10 min before Mg 2+ transport was assayed. Concentration of solvents in the assay medium did not exceed 0.2% (v/v) and solvent treatment was used as control. Furosemide, 4,4Ј-diisothiocyanato-stilbene-2,2Ј-disulfonic acid (DIDS) and chlorothiazide were added to the assay medium just prior to experimentation at a final concentration of 0.5 mmol ⅐ l
, Germany) at a reduced pressure of 75 kPa. Filters were rinsed twice with 2 ml of stop buffer and transferred to 10 ml scintillation cocktail. Radioisotope specific activity was determined by counting the radioactivity in 0.100 ml of the remaining ''quenched reaction'' suspension. Radioactivity was determined on the basis of the ␤ − emission of 27 Mg and 45 Ca in a Tri-Carb 2750TR/LL liquid scintillation analyzer (Packard Instrument, Meridan, CT). Counting rates were corrected for background and radioactive decay.
CALCULATIONS AND STATISTICS
Kinetic analysis of 27 
Mg
2+ uptake was performed using a nonlinear regression analysis programme [7] . Values are expressed as mean ± SD, unless stated otherwise. Statistical significance of differences between means was assessed using the two-tailed Student's t test and accepted at P < 0.05.
Results

EQUILIBRIUM Mg
2+ UPTAKE Basal, unstimulated Mg 2+ uptake plateaued after approximately 3 min and thus Mg 2+ uptake after 5-min incubation reflects equilibrium uptake. The dependence of equilibrium Mg 2+ uptake on the vesicular volume ( Fig. 1) 2+ uptake, assayed at 1 min, was not stimulated by the outwardly directed Na + gradient, and ATP had no effect on this process (Fig. 3) . The inset of Fig. 3 (Fig. 4) . Voltage clamping of the vesicular membrane with valinomycin, at 20 mmol ⅐ l −1 K + inside and outside, did not affect the anion-dependent Mg 2+ uptake significantly: Cl − -stimulated Mg 2+ uptake in the presence of valinomycin was 96 ± 15% of solvent control (n ‫ס‬ 5). The stimulation of Mg 2+ uptake in the presence of an inwardly directed Cl − gradient was independent of the concurrent presence of inwardly directed gradients of either Na + or K + (Fig. 5) . A small but significant decrease in Mg . Means ± SEM of three preparations are given. uptake was observed when all Na + and K + in the assay medium was replaced by NMDG + . Cl − dependent Mg 2+ uptake was not inhibited by furosemide or chlorothiazide, but DIDS abolished Cl − stimulation of Mg 2+ uptake (Fig. 6) . The Cl − -independent Mg 2+ uptake in the presence of DIDS was 95 ± 5% (n ‫ס‬ 3) of the control and, therefore, DIDS did not affect the basal, unstimulated Mg 2+ uptake. Permeabilization of vesicles by saponin-treatment prevented Cl − -dependent Mg 2+ uptake, and addition of Mg 2+ -ionophore A23187 caused a small but significant decrease in Mg 2+ uptake (Fig. 7) .
Initial rates of Mg 2+ uptake were estimated from 15 sec incubations (Fig. 4) . Data are means of four preparations.
Fig. 5. Effect of inwardly directed Cl
− , Na + -and K + uptake in plasma membrane vesicles. Preparations were incubated for 1 min, in the presence of 1.8 mmol ⅐ l −1 Mg 2+ and gradients of the ions indicated. Na + and K + were replaced by equimolar NMDG + . The effects of ion gradients were statistically compared to the ''no gradient'' control. The number of experiments is indicated between brackets. *P < 0.05; **P < 0.01; ***P < 0.001 5 ). The number of experiments is indicated between brackets. **P < 0.01. yielded a K m (Cl − ) of 26.5 ± 6.5 mmol ⅐ l −1 (Fig. 8b) is comparable to the mannitol space of 3 m ⅐ mg −1 reported for a similar plasma membrane preparation [14] . 2+ ] in a range of cell types, like erythrocytes, hepatocytes and neuronal cells [8, 13, 20, 26] . Besides being dependent on extracellular Na + , the Mg 2+ efflux mechanism present in erythrocytes of some species is also dependent on ATP [8, 16, 47] . So far, however, no direct evidence has been presented for a Na + -or ATP-coupled Mg 2+ transporter in ion transporting epithelia. In our experiments, Mg 2+ uptake in plasma membrane vesicles of tilapia intestine was not affected by ATP, nor by its nonhydrolyzable analogue ATP-␥-S, and this excludes the possibility that Mg 2+ transport proceeds through an ATPase ion pump, or that ATP is required for activation of Mg 2+ transport. We could neither demonstrate Na + -driven Mg 2+ transport in this membrane vesicle preparation of tilapia intestine, in both the absence and presence of ATP. One may argue that an unknown factor required for the proper functioning of an antiport mechanism (like a protein kinase) is lost during the membrane isolation procedure. However, Na + /Mg 2+ antiport activity has also been demonstrated in resealed ghosts of erythrocytes, which suggests that the whole cell configuration is not a prerequisite for its functioning [16] 27 Mg 2+ uptake in plasma membrane vesicles. Initial rates of uptake were determined in 15-sec incubations and values were corrected for Cl − -independent uptake. Data of three to six preparations were fitted to the Michaelis-Menten equation, yielding the kinetic parameters indicated in the text. The graphs show an Eadie-Hofstee transformation of the data.
Menten kinetics, indicating a carrier-or channelmediated, nondiffusive, transport principle. Aniondependent Mg 2+ transport has been described for Yoshida ascites tumor cells [25] , hepatocytes [21] and erythrocytes [22, 23] . In Yoshida ascites tumor cells and in rat hepatocytes Mg 2+ influx displayed saturation kinetics and kinetic analysis suggested electroneutral Mg 2+ /anion symport activity. Mg 2+ influx in rat hepatocytes was dependent on inorganic phosphate, but could also be accompanied by Cl − and HCO 3 − symport [21] . In Yoshida ascites tumor cells Mg 2+ influx was driven by HCO 3 − symport, although other anions may also be involved [25] .
The powerful inhibition of Cl − -dependent Mg 2+ uptake by the stilbene derivative DIDS further supports the involvement of an anion transport mechanism in Mg 2+ transport. Stilbene-sensitive anion transporters located in the basolateral membranes of the intestine have been described for rat, rabbit and the urodele Amphiuma [18, 32, 46] . Similar to the transport mechanism described in the present study, some of these stilbene-sensitive transporters accept a broad range of inorganic anions. In rabbit ileum, for instance, the antiporter involved in active SO 4 2− absorption, exchanges SO 4 2− for either Cl − , Br − , I − , NO 3 − or SO 4 2− , but not gluconate [32] . Stilbenesensitive Mg 2+ transport has been described for mammalian and avian erythrocytes [22, 23] . In erythrocytes, Cl − symport prevents the buildup of an inhibitory potential difference across the plasma membrane which would result from the extrusion of net positive charge [24] . In the present study, the insensitivity of Cl − -coupled Mg 2+ transport to clamping of the membrane potential with valinomycin suggests that transport, similar as in the erythrocyte system, occurs in an electroneutral mode, i.e., with a coupling ratio of [12, 36] , although the presence of a conductive pathway for Cl − entry has also been suggested [5] . This secondary active transport at the apical pole, ultimately driven by the Na + pump, provides the driving-force for Cl − absorption across the basolateral membrane, putatively through K + /Cl − symport and/or through a Cl − conductive pathway [10, 27, 48] . The driving force for Cl − extrusion reported for goldfish and winter flounder are 27 and 25 mV, respectively [10, 48] . Proceeding from a membrane potential of −60 mV [19, 27] , suggesting that these cations may activate or drive Mg 2+ transport. For rat hepatocytes it was proposed that Na + symport provides the driving force for anion-dependent Mg 2+ influx [21] . This system was insensitive to bumetanide, indicating that the Na(K)Cl-symporter of the so-called NKCC-family was not involved in Mg 2+ transport. A similar conclusion was drawn for the Mg 2+ influx mechanism of Yoshida ascites tumor cells [25] . In line with these studies, the Mg 2+ transport system of the tilapia intestine was insensitive to furosemide and chlorothiazide. From this we conclude that Mg 2+ transport does not proceed via a NKCC-family transporter. However, we cannot exclude a cation-dependent Na + transport mechanism that is insensitive to these loop diuretrics, like the Mg 2+ transport system of rat hepatocytes [21] . Another explanation for the observed inhibition of Mg 2+ transport may be that complete Na + and K + replacement by the inert cation NMDG + inhibits ion transport by affecting the integrity of the vesicular membrane.
For tilapia intestine, it was shown that the mucosato-serosa Mg 2+ -flux is dependent on extracellular Na + and can be inhibited by ouabain [43] . From our data, we conclude that this apparent dependence of Mg 2+ transport on Na + is indirect as no Na + -driven Mg + transport was indicated, but may reflect a dependence on Na + -driven Cl − accumulation. Mg 2+ transport may thus be coupled to stilbene-sensitive downhill Cl − extrusion across the basolateral membrane. A similar stilbenesensitive, Cl − -dependent, Mg 2+ efflux mechanism has been described for avian and mammalian erythrocytes [22, 23] . With the demonstration of such a carrier in fish, it seems of wider occurrence in vertebrates.
